Inflammatory disorders are becoming more prevalent in the Western world. Treatment of these diseases relies on the intervention in inflammatory responses thereby restoring immune homeostasis. One cytokine that has the potential to restore immune homeostasis is the anti-inflammatory cytokine interleukin-10
Introduction
The prevalence of inflammatory disorders, like multiple sclerosis, rheumatoid arthritis, inflammatory bowel disease or allergies, has drastically increased over the last couple of decades. These inflammatory disorders are characterised by uncontrolled immune responses against harmless antigens or commensal bacteria. Treatment of these diseases relies on the intervention in inflammatory responses and thereby restoring immune homeostasis. Many inflammatory disorders are treated with immunosuppressive drugs or monoclonal antibodies that target key pro-inflammatory cytokines, such as tumour necrosis factor alpha (TNF-α). However, immune intervention can also be performed with anti-inflammatory cytokines. One such cytokine capable of restoring homeostasis is interleukin-10 (IL-10). IL-10 is an anti-inflammatory cytokine that suppresses the activity of both antigen presenting cells and lymphocytes and has been considered as a promising therapy for several inflammatory disorders [1] . However, until now IL-10 therapy has not been as successful as previously anticipated.
Systemic administration of recombinant human IL-10 produced in Escherichia coli has been studied in phase II clinical trials to treat patients with Crohn's disease. But, even though IL-10 treatment is well tolerated [2] , patients seem to respond differently to IL-10 treatment [3] . Several explanations for why IL-10 treatment has not been a successful therapy for Crohn's disease have been postulated: (1) systemic administration does not result in an effective dose in the intestine; (2) disease phenotype/severity cause differences in response to IL-10; (3) IL-10 treatment is only successful as preventive therapy; (4) treatment with IL-10 alone is not sufficient; or (5) IL-10's immunostimulatory effects counterbalance its immunosuppressive effects [4] . To circumvent systemic administration of IL-10, Lactococcus lactis was engineered to secrete human IL-10 and used as an oral delivery system [5] . This local delivery system for IL-10 was shown to be successful in two mouse models of intestinal inflammation [5] and was proven to be safe in a small phase I human trial [6] . However, in 2009 a phase II human trial with engineered L. lactis in patients with ulcerative colitis was completed, but no significant difference in mucosal healing versus a placebo control was observed (ActoGeniX press release). Future research has to address whether local delivery of IL-10 is indeed a promising therapeutic approach.
Another explanation for IL-10's lack of efficacy as therapy could arise from differences between patients depending on disease phenotype or severity [4] . For instance, alveolar macrophages have the reduced ability to respond to IL-10 during chronic inflammation [7] . Pre-treatment of these macrophages with TNF-α reduced their ability to respond to IL-10 without affecting IL-10 receptor (IL-10R) expression. Similarly, agonists of Toll-like receptors (TLR) were able to reduce IL-10-mediated phosphorylation and nuclear translocation of the transcription factor STAT3 in macrophages and dendritic cells without lowering surface IL-10R expression [8, 9] . In contrast, IL-10R expression and subsequent IL-10R signalling was reduced in macrophages upon recognition of zymosan [10] or ligation of Fc receptors [11] . Furthermore, cytokines, like IFN-γ, have also been shown to alter IL-10-mediated responses [12] . Altogether, there is quite some evidence that inflammatory mediators can influence IL-10 activity.
Previously we described that bone marrow-derived dendritic cells respond differently to IL-10 when compared to macrophages [13] . Dendritic cells have a reduced capacity to suppress LPS-induced TNF-α, especially when evaluating early IL-10-mediated suppression. The lack of early TNF-α suppression coincided with the impaired ability of dendritic cells to up-regulate SOCS3 expression upon IL-10 treatment. We therefore continued to investigate the underlying mechanism that explains why dendritic cells respond differently to IL-10 than macrophages. In this study we describe that GM-CSF, the cytokine used to differentiate dendritic cells, is a key factor that negatively regulates IL-10 mediated responses. We also show that GM-CSF regulates IL-10 activity without strongly affecting STAT3 activation. In contrast, GM-CSF induces constitutive phosphorylation of GSK-3β, but whether this is the mechanism by which GM-CSF controls IL-10 activity needs further investigation. 
Results

IL-10 mediated signalling in dendritic cells and macrophages
Previously we observed cell-specific differences in the response to IL-10 in macrophages and dendritic cells [13] .
Dendritic cells are strongly impaired in their ability to suppress LPS-induced TNF-α after 2 hours of stimulation, whereas macrophages already inhibit TNF-α expression by ~75% (Figure 1a ). We therefore investigated whether IL-10 signalling differs in these two cell types. First we focused on the activation of the transcription factor STAT3. As shown in figure   1b , IL-10 induces strong tyrosine phosphorylation of STAT3 (Y705) in a dose-dependent manner in both cell types.
Upon quantification of relative STAT3 activation, we observed a stronger degree of STAT3 Y705 phosphorylation in macrophages than in dendritic cells (Figure 1c ). However, this was only significantly higher at a dose of 1 ng/ml IL-10.
On the other hand, the degree of serine phosphorylation (S727) in macrophages was only significantly higher at a dose of 10 ng/ml (Figure 1d ). Furthermore, GM-CSF treatment of macrophages significantly reduced early IL-10-mediated suppression of TNF-α by ~25%. We also observed that macrophages treated with GM-CSF produced significantly more TNF-α than untreated macrophages (Figure 2c ). These results indicate that GM-CSF is able to alter IL-10-mediated responses in macrophages as was observed for GM-CSF differentiated dendritic cells.
Similarly, depletion of dendritic cells from GM-CSF enhanced their response towards IL-10. No differences were observed in the suppression of TNF-α expression after 24 hour stimulation when dendritic cells were depleted from GM-CSF (Figure 2d ). However, early IL-10-mediated suppression of TNF-α expression increased significantly with almost 25% when dendritic cells were depleted from GM-CSF. Also, production of TNF-α was significantly reduced when dendritic cells were cultured in the absence of GM-CSF. We therefore conclude that GM-CSF is a key factor that modulates early IL-10-mediated responses in both macrophages and dendritic cells.
GM-CSF regulates IL-10 activity without affecting STAT3 activation
Early IL-10 mediated responses seem to be controlled by the major anti-inflammatory pathway Jak1-STAT3-SOCS3. To investigate how GM-CSF influences early IL-10-mediated responses we first focused on the activation of STAT3. As shown in figure 3a , IL-10 induces strong STAT3 Y705 phosphorylation regardless of GM-CSF treatment. Phosphorylation of STAT3 S727 seemed also not to be affected by GM-CSF treatment. GM-CSF seems to regulate early IL-10-mediated responses without affecting STAT3 activation. However, early inhibition of TNF-α by IL-10 is completely abrogated in GM-CSF treated macrophages from LysMcre/Stat3flox mice that lack Stat 3 expression in macrophages ( Figure S1 ). This indicates that STAT3 is required for early IL-10-mediated responses, but that GM-CSF negatively regulates this response in a STAT3 independent manner.
As STAT3 phosphorylation was not affected by GM-CSF we continued to investigate the effect of GM-CSF on IL-10-induced SOCS3 expression. Relative SOCS3 transcript levels were determined by quantitative PCR in both macrophages and dendritic cells. As shown in figure 3b, IL-10 induces SOCS3 expression by ~100-fold in macrophages, whereas SOCS3 up-regulation is significantly lower in dendritic cells (12-fold, P=0.008). Unexpectedly, no significant differences were found for relative SOCS3 expression levels upon IL-10 treatment of normal and GM-CSF treated macrophages. However, the IL-10 specific induction of SOCS3 was reduced ~10-fold. This is because GM-CSF itself already enhances SOCS3 expression in macrophages prior to IL-10 treatment. Depletion of GM-CSF from dendritic cells only resulted in a 2-fold increase in SOCS3 expression. Therefore GM-CSF seems to regulate early IL-10-mediated responses not only in a STAT3 independent manner, but also without affecting SOCS3 expression levels.
Next, we assessed whether GM-CSF treatment of macrophages alters IL-10-mediated signalling or other signalling pathways by using the PathScan Intracellular Signalling Array kit. As we observed previously, IL-10 only induces STAT3 Y705 phosphorylation in macrophages and dendritic cells, which is independent of GM-CSF pre-treatment. GM-CSF itself induces an activation state in macrophages that is indistinguishable from dendritic cells. GM-CSF treatment of macrophages enhances the phosphorylation of AMPKα and the ribosomal protein S6, but most strongly induces the phosphorylation of GSK-3β. Phosphorylation of other signalling molecules downstream of PI3K/Akt (PRAS40 and Bad) is also enhanced. On the other hand, depletion of dendritic cells from GM-CSF relieves PRAS40 from phosphorylation, whereas GSK-3β remains strongly phosphorylated. We therefore conclude that GM-CSF alters the activation status of signalling molecules that regulate cellular growth and survival in macrophages and dendritic cells. 
Discussion
Interleukin-10 (IL-10) is an anti-inflammatory cytokine with promising therapeutic potential, but to date IL-10 therapy has not been as successful in the clinic as previously anticipated. A likely explanation for this phenomenon is that IL-10 activity is influenced by the cytokine milieu present in inflamed tissues [10] [11] [12] . Previously we have described the differential response of macrophages and dendritic cells towards IL-10 [13] . Dendritic cells are unable to respond rapidly to IL-10 as they are unable to suppress LPS-induced TNF-α at early stages. Furthermore, IL-10-induced SOCS3 expression was strongly reduced compared to macrophages. In this study we further investigated the mechanism that controls this differential response between macrophages and dendritic cells. Our study demonstrates that the cytokine GM-CSF, the cytokine used to differentiate dendritic cells, is a key factor that negatively regulates IL-10 activity. GM-CSF pre-treatment of bone marrow-derived macrophages also reduced their ability to suppress LPS-induced TNF-α at 2 hours after stimulation. Vice versa, depletion of dendritic cells from GM-CSF partially restored their early response to IL-10. Furthermore, both macrophages and dendritic cells cultured in the presence of GM-CSF produced significantly higher levels of TNF-α, which coincided with previous reports from Fleetwood and co-workers [14, 15] . Increased TNF-α expression levels upon LPS stimulation are caused by increased basal TNF-α mRNA transcript levels upon GM-CSF treatment [15] . In our study GM-CSF treated macrophages and dendritic cells do not produce significantly different levels of TNF-α, whereas both cell types respond significantly different towards IL-10. Differences in basal TNF-α expression levels cannot explain the observed differential response towards IL-10. Therefore, we continued to investigate IL-10-mediated signalling in macrophages and dendritic cells.
IL-10 receptor engagement results in the activation of downstream janus kinases Jak1 and Tyk2, which in turn phosphorylate the transcription factors STAT1, STAT3 and in some cell types STAT5 [16] [17] [18] . IL-10 is well known for its ability to activate the Jak-STAT pathway [19] , but alternative signalling pathways have been described as well.
Especially IL-10-mediated activation of the PI3K signalling pathway has been implicated in IL-10's survival promoting properties [20, 21] . Zhou and co-workers also revealed that IL-10 induced the activation of extracellular signal-related kinase [22] 1/2 in a PI3K-dependent manner in promyeloid cells [21] . Furthermore, IL-10 has been shown to activate p38 MAPK signalling to induce the expression of heme oxygenase-1 [23] . In our study we could only detect IL-10-mediated activation of the transcription factor STAT3 in bone marrow-derived macrophages and dendritic cells. This indicates that STAT3 is the major transcription factor required for IL-10-mediated responses in bone marrow-derived cells. However, we did observe subtle differences in the phosphorylation of STAT3 Y705 between regular macrophages and dendritic cells. More striking was the observation that IL-10 was not able to induce STAT3 S727 phosphorylation in a dose-dependent manner in dendritic cells. Serine phosphorylation of STAT3 has been reported previously for IL-6, IL-22, IFN-y and EGF [24] [25] [26] [27] and enhances transcriptional activity of STAT3. The lack of STAT3 S727 phosphorylation might explain why IL-10-induced SOCS3 expression and early inhibition of TNF-α expression are impaired in dendritic cells.
Qasimi and co-workers previously described that SOCS3 is required by IL-10 to suppress TNF-α expression at early time points of stimulation [28] . We therefore investigated the role of SOCS3 in more detail. We observed a reduction in the ability of macrophages to respond rapidly to IL-10 upon GM-CSF treatment, but this seemed to be independent from Activation of STAT3 is regulated by a diverse set of post-translational modifications, including phosphorylation, acetylation and methylation [26, 27, [29] [30] [31] [32] [33] [34] . Every modification plays its own role in regulating optimal STAT3 dimerization, DNA binding activity and transcriptional activity [35] . Involvement of the PI3K signalling pathway in the activation of STAT3 has also been reported previously. Spencer and co-workers revealed that the cytomegalovirus homologue of IL-10 was capable of inducing serine phosphorylation of STAT3 S727 in a PI3K-dependent manner [36] .
Furthermore, acetylation of STAT3 L685 by IL-6 was also shown to depend on PI3K/Akt activation [37] . However, whether IL-10-induced STAT3 transcriptional activation requires acetylation and/or methylation and whether the PI3K pathway is involved, needs further investigation. Interestingly, Waitkus and co-workers recently reported on a novel mechanism of activation of STAT3, which was mediated by GSK-3α/β [35] . GSK-3α/β was shown to directly phosphorylate STAT3 at the residues S727 and T714. The requirement of GSK-3α/β in IL-10-induced STAT3 activation is therefore of great interest as this study shows that GM-CSF strongly inhibits GSK-3β by phosphorylation of serine residue 9. GSK-3α/β might therefore be a key signalling node that is able to control IL-10-mediated responses.
Previously, Hart and co-workers already reported that IL-10 was unable to suppress MHC-II expression in GM-CSF cultured monocytes [38] . Our study now also demonstrates that GM-CSF is able to alter IL-10-mediated suppression of TNF-α expression in both macrophages and dendritic cells. Furthermore, we and others show that GM-CSF cultured cells produce significantly higher levels of the pro-inflammatory cytokine TNF-α [15] , but also the secretion of IL-12p70
and IL-23 is significantly enhanced by GM-CSF treated macrophages [15] . IL-23 has recently been identified as an important pro-inflammatory cytokine driving both innate and T cell-induced intestinal inflammation [39] . Therefore, GM-CSF seems to induce a cytokine environment favourable for chronic inflammation. Over the last couple of years GM-CSF has been identified as a key contributor to the development of chronic inflammation in animal models of intestinal inflammation, multiple sclerosis and rheumatoid arthritis [40] [41] [42] . Taking together the key role of GM-CSF in the development of chronic inflammation with the results obtained in this study might explain why IL-10 therapy has not been as effective as previously anticipated. Our study demonstrates that the pro-inflammatory cytokine GM-CSF is able to negatively regulate IL-10-mediated responses in macrophages and dendritic cells. However, future research has to elucidate the exact mechanism on how GM-CSF and IL-10 signalling pathways are integrated and result in impaired cellular responses towards IL-10. Ultimately this knowledge could provide us with new therapeutic strategies to treat inflammatory disorders.
Quantitative PCR
BMMΦ's were differentiated in 6 well plates and 3x10 6 BMDC's were seeded in 6 well plates and were treated for 2 hours with IL-10 (0, 1, 10 or 100 ng/ml 
Data analysis
All data shown in the figures indicate the average of at least three biological replicates (n) that were determined by three technical replicates. In the figure legends n is indicated and error bars indicate the standard error. Significant differences between samples were calculated using the student's t-test and regarded as significant when P<0.05.
Significant differences are indicated in the figures by asterisks (P<0.05 (*) or P<0.01 (**)).
